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Abstract:

This study was to investigate the potential for short wavelength
generation through Raman up-conversion in UV-transmitting fibers.
The study resulted in three key achievements:

1. Identification of induced absorption in fused silica UV fibers
due to color center formation with the excimer laser at 193 no.
This is the first time such color center formation has been
observed, at several orders of magnitude lower powers than the
previously identified "brittle spot formation" optical damage
mechanism. A comparison was made of quartz fibers from several
vendors and of alternatives, such as liquid core fibers. No
better fibers appear available for UV transmission (except perhaps
single crystal fibers).

Optical bleaching to reverse the induced absorption was
observed by using a longer wavelength of the excimer laser (XeF at
351 na). A maximum recovery of 70% of initial transmission was
obtained. This Is the first time that color center formation and
subsequent bleaching has been reported in UV-transmitting fibers.

2. Development of new means to image single pulses from the
exclaer laser, utilizing a phosphor to down-convert the image to
the visible, along with a conventional TV camera and
videorecorder.

3. Study of Raman up-conversion using excimer lasers. Comparison
was made of fibers vs. Raman resonators. Limited coherence length
because of the bandwidth spread of excimer lasers and
unavailability of low-mode-number UV fibers are reasons why the
Raman resonator appears to be a reasonable approach.
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STUDIES ON NONLINEAR MECHANISMS OF

EXCIMER LASER PROPAGATION IN FUSED SILICA FIBERS

I. EXECUTIVE SUMMARY

In the search for short wavelength sources. one possible

mechanism is lp-conversion using stimulated Raman scattering
(SRS). Previous work at the Center for Laser Studies demonstrated
the longer wavelength Stokes shift using the excimer laser in UV

fibers [Rothshild and Abad. Opt, Lett. 8, 653 (1983)1. These
results led to the suggestion of using SRS to cause stimulated

four-photon mixing and anti-Stokes frequency up-conversion into

even shorter wavelengths. This AFOSR program has been to
investigate this possibility.

The results of this study have been four-fold:

I. While Stimulated Raman Scattering produces

longer-wavelength Stokes light effectively in fibers. the
difficulty of fiber mode-matching as well as the broad band of

the excimer laser radiation increases the four-photon mixing
threshold to prohibitive levels. The coherence length
introduced by this laser bandwidth at 193 nl is less than 50

ca. which means that the fiber cannot provide the km of length
which have generated anti-stokes so successfully in the

visible. Indeed. because inherent loss in UV fibers also

limits useful lengths to less than 50 cm. fibers have no

advantage over resonators. For this reason fibers may have a

limited potential for frequency up-conversion with excitmer

lasers, and we decided to explore the potential of Raman

resonators.

2. A few liquids, highly transparent In the UV, have been

Identified which may be incorporated in an external Raman

Resonator In order to create strong Stokes Raman light. This
Stokes light, resonated at the appropriate small

phase-matching angle, will generate anti-Stokes using
four-photon mixing with the UV excimer laser. Design

calculations show that short-wavelength generation by
four-photon mixing is possible using the 193 nm excimer laser.

Design calculations include quartz as well as the low-loss
liquids, water and acetonitrile. This is the method we are

currently proposing for Raman wavelength up-conversion. We

identified acetonitrile and water from extensive measurements
of the UV transmission of liquids. Our orignal motivation
was to search for the possibility of a liquid core fiber.

Unfortunately all low-loss liquids have refractive index less

than fused silica, so that we have not been able to identify

UV-transmitting liquid core fibers.
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3. At fluence levels which might be expected to cause
nonlinear effects in fused silica fibers. we have observed
that color center formation degrades transmission after
multiple shots. We have also shown that subsequent bleaching
with irradiation at longer wavelengths is possible. The
results will be submitted for publication in Applied Physics
Letters and presented at the Optical Society Annual Meeting.

4. In the pursuit of our experimental research it was
necessary to develop a means to measure two-dimensional images
of single 10 nsec pulsed excimer laser output far field

patterns. The only existent technology was very expensive UV
video tubes. two dimensional CCD arrays or very slow

photography. We developed a technique which used a phosphor
to down-convert the image to the visible which was then
recorded by a conventional TV camera and video-recorder.
Successive TV scans measured various levels of decreasing
fluoresence over a millisecond period. This allowed high

resolution images to be measured over at least four orders of
magnitude in dynamic range. The results were presented at
CLEO and published in Applied Optics.

The research supported under this two-year program has led to
three papers and a Master's thesis. The first paper was the
single-pulse imaging system, published in Applied Optics. It is

attached as Section III of this report. The other two papers are
under preparation at the present time and describe the color

center formation and bleaching. Section II is a compilation of
these results. This is the MS thesis work of Greg Hall.

Three talks have or will be presented covering work funded on
this AFOSR program. These are at CLEO, OSA annual meeting and

LEOS, Southern California Chapter. Table I outlines these
presentations and lists the personnel whose research was partially
funded by this program.

Section IV contains a short review of our investigation of
liquids for possible use in liquid core UV fibers. This work
identified water and acetonitrile as low loss UV transmitting

liquids. Section V contains the theoretical modelling for
Stimulated Four-Photon Mixing In fibers and Raman resonators and

represents the basis on which we make recommendations to
discontinue research on upconversion in fibers and to concentrate
Raman resonators.
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If. COLOR CENTER FORMATION AND BLEACHING IN UV FIBERS

Greg Hall and Elsa Garmire

A. Introduction

In experiments on nonlinear effects in fused silica fibers
using ArF excimer lasers with wavelength of 193 n, we observed a
transmission decay with time and identified this as due to color
center formation. This color center formation occurs at fluence
levels as much as two order of magnitude lower than those required
for catastrophic degradation ("brittle spot" formation (1)).
Color center formation occurs when the fused silica fibers are
irradiated with an ArF lasei (wavelength - 193 nm) at fluences
ranging from 6 to 200 mJ/cm per pulse.

The proof that these are color centers is obtained by
bleaching them. As a consequence of the met-a-stable nature of
color centers. the induced absorption is reversible via bleaching
schemes 12}. We report for the first time the optical bleaching
of UV absorption bands resulting from UR irradiation damage in
fused silica fibers. This complements previous investigations

[3-51 in which high energy gamma rays produced bleachable
absorption bands in the visible to IR spectrum.

In addition to these bleaching experiments, studies of color
center growth kinetics show that the data correlates with a simple
mathematical model. Two parameters, the absorption saturation
limit and the damage rate constant. characterize the fiber
performance. The dependence of these parameters on input fluence.
fiber length and manufacturer is documented.

B. Experimental Procedure

The apparatus used to obtain induced absorption data was set
up to measure single-pulse transmission with variable input
fluence. Evidence of induced optical damage appeared as a
relative transmission drop during irradiation intervals.

The UV radiation source was a Lumonics K-261 multi-gas excimer
laser in the stable resonator configuration. Two different gas
mixtures were utilized: ArF. providing the damaging radiation at
a wavelength of 193 nm; and XeF, providing the bleaching light at
351 nm. When operating with ArF, the laser produced 10 ns pulses
at peak powers of > 1.4 MW. Coupling of the output beam to the
fiber was accomplished by three pIano-convex quartz lenses. Two
silicon photo-diode detectors were employed. One, acting as a
reference detector, was located between the variable input
attenuator and the fiber Input tip and monitored the input
fluence. The second. acting as the signal detector, monitored the
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fluence emerging from the fiber. When calibrated, the ratio of
the detectors yielded the transmission information. Signals from
the detectors were fed Into a two-channel oscilloscope and
recorded via video equipment.

Samples from three different manufacturers were tested. All
were step-index, high OH-content, glass clad fibers with 200 pm
fused silica cores. The fibers with the best transmission, and
hence the ones used predominantly, were the SG-840 series provided
by SpecTran Corp. The cladding of these fibers was
fluorine-doped. Other fibers studied were the EOTec 301002 and
Diaguide ST-U20OD-SY series, both with BR-doped claddings. Since
fused silica is very lossy at 192 no (a 50 cm segment of SpecTran
fiber has a typical transmission of 20%). only short fiber samples
from 25 to 100 cm long were used. All absorption measurements
were taken on straight fibers, held in position by inserting Into
thin glass capillaries. Surface quality of the tip was maintained
smooth and flat without polishing; the result of a clean fracture
when cleaving. Irradiation intervals were conducted at a rep rate
of I pps. and continued until the fiber's transmission dropped to
a terminal value. Spontaneous recovery tests were performed on
several samples with the result of no improvement in transmission
when left undisturbed for two hours in room lighting.

C. Theory

Photons at 193 nm have sufficient energy to interact with the
valence band of oxygen atoms, producing excitons. whose holes can
be trapped at potential wells associated with lattice defects.
When this trapping occurs, a color center is born. An absorption
band develops because the hole can either assume an excited state
or become completely ionized when interacting with Incoming
photons. The ionization of a trapped hole is known as bleaching.
If the bleaching photon energy is below the exciton production
threshold. but has sufficient energy to ionize the trapped holes.
color center levels will drop and the fiber will experience at
least a partial recovery of its transmission.

Mathematically, induced absorption and color center growth are
proportional (2). For the studies reported here we will use the
following form:

A - A [l-exp(E/E 0.

where A is the induced absorption (in dB). A is the absorption
saturation limit, E is the total fluence of lamaging radiation,
and E Is the damage rate constant. This expression assumes only
one m~chanism for color center formation and the absense of
optically caused lattice defects. At higher fluences such lattice
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defects can be created. leading to "brittle spot" formation (1].

When color centers already exist at the beginning of the
irradiation interval, the above equation is modified slightly to

A - A [1 - Cexp(E/E ) ,5 0

where C - I - N /N : N is the pre-existing color center
population and 9 Is tho color center saturation limit
proportional to the induced absorption saturation limit. This
equation is useful in the analysis of bleaching expriments.

D. Results

1. Induced Absorption
When the first pulse of light is launched into a fiber. the
initial transmission. T . is established. It was found that T
varied substantially from one fiber to the next. For example,
several 50 cm SpecTran fibers were irradiated at a fluence of 0.02
J/cm per pulse. The average T was 20%. but varied from 2% to
40%. depending on sample. In spite of the disparity, all of these
fibers developed approximately the same fraction of induced
absorption. Typically the transmission dropped to a terminal
value of approximately 33% of the original transmission. A
typical value is shown in Figure 1. No spontaneous recovery of
transmission was observed.

2. Optical Bleaching
Figure 2 shows the data and theoretical curves for a
representative fiber during a bleaching experiment. In this
instance, a 250 cm long SpecTran fiber was irradiated at a fluence
of 20 mJ/cm per pulse. During the pre-bleach interval a new
fiber sample was exposed to ArF radiation, causing induced
absorption from color center formation. Saturation eventually
occurs because of the finite number of pre-existing lattice
defects at which color centers can form. The bleaching interval
Is represented by the vertical dished line. wherein a total
fluence of approximately 13 J/cm at 351 nm was delivered to the
fiber. Evidence of successful bleaching is provided in the
post-bleach interval by re-irradiating the fiber at 193 nm and
noticing that the induced absorption has fallen from its
saturation value of 3.46 dB to 1.54 dB. a 55% reduction equivalent
to a transmission recovery of 70%. Again, the induced absorption
follows a curve similar to the pre-bleach interval, saturating at
the same value.

3. Induced Absorption at Varied Irradiation Levels
For these studies all experimental parameters were held constant,
except for the input fluence per pulse; 50 cm lengths of SpecTran

8m~ l Immm
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fiber were used. At each fluence level at least two fibers were
tested. By averaging the measurements, A and E were determineds o
and a set of design curves was generated as a way of averaging the
data. The results are 2hown in Figure 3. No induced absorption
was seen at the 2 mJ/cm level. implying the existence of color
center fo mation threshold somewhere between 2 and 6 mJ/cm At
200 mJ/cm and above, occasional catastrophic damage occurred
where the transmission suddenly dropped to zero, persumably due to
brittle )pot damage as identified by Nevis [I]. When operating at
20 mJ/cm and below. briltle spot damage never appeared.
Apparently the 200 mJ'cm fluence level was near the brittle spot
threshold.

From our results it can be seen that the absorption saturation
limit. A. increaser with input fluence per pulse. Table II.1.
shows the induced absorption parameters at different fluences
which were determined by fitting experimental data. Studies are
underway ', underst:,,d the reason for the increase in both A ands
E with increasing fluence per pulse.o

4. Induced Absorption at Varied Lengths
SpecTran fiber smples were tested with fluence level held

constant at 20 mJ/cm per pulse and the length varied. The
induced absorption parameters determined from these measurements
are shown in Table 11.2.

5. Induced Absorption of Selected Commercial Fibers
In addition to SpecTran fibers, both EOTec and Diaguide fibers

were tested. The results are shown In Table 11.3. The fibers
were ut to 50 cm lengths and irradiated at a fluence level of 20
mJ/cm per pulse. At least two fibers of each brand were tested.
The parameters were determined by averaging the measurements and
were used to produce the design curves shown in Figure 4. Also of
interest is the fact that the average initial transmissiin of both
SpecTran and EOTec fibers was 20%. whereas Diagulde fibers had a
value of only 2%.

It is clear that the best performer is the SpecTran fiber, as
its damage level is more than two times less than the others. The
main difference between the different fibers is the type of
cladding. SpecTran fibers are P-doped whereas the other two are
BF-doped.

E. Conclusion

Evidence has been presented which identifies a class of
ultra-violet damage attributed to the presence of color centers in
fused silica fibers. Although an exhaustive study was not
performed it is believed that the same phenomenon exists at other
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Figure 3. INDUCED ABSORPTION AT VARIOUS
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TABLE 1
MCUM W INfl PARATW6 AT DFNT PUMOE

CE A* bw4 E 0
acm (J)

.002 0

.006 2.82 1.41

.01 4.10 1.72

.02 4.31 2.96

.2 7.78 9281
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TABLE 2

HDUW AISORPTIO AT VARIOUS F LENGThS

LENGTH A e

163.71 6.07

50 4.31 3.96

100 4.22 5.98

TABLE 3

pjCUC ABSOflnoN pARQ.ETnM CF SELECTM D~
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UV wavelengths, such as the KrF line at 248 no. Color center
growth and bleaching studies at this wavelength would be
interesting. since Nevis has noticed a strong propensity towards
induced brittle spot damage in fibers irradiated at 248 no. It is
also probable that a bleaching wavelength other than 351 no

(perhaps XeCI at 308 no) would have a higher recovery efficiency.
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" T tc a fom 2 k-gh-g *Vl UV low PAM (DAYGLO pigmentss ) so that a visible image appeared in
fluorescence on the back side of the screen. Our experi-

KWrs X. uki, MWy Niudofffer, .d Elsa GTilre menta were performed with a signal green and blaze orange

University of Southern California. Center for Laser Stud- pigments. Based on the emission data for these pigments,
ies. Lo. Angeles, California 90089-1112. the signal green pigments provided the best match to the
Received 22 April 1986. video camera response curve, but the blaze orange has a
0003-6935/86/152472-02302.00/0. higher luminance, as shown in Fig. l..7 The data shown here
C 1986 Optical Society of America. was taken with blaoe orange. We have not made a careful

comparison of two in identical circumstances
Pulsed UV sources, such as excimer laers, provide diffi- The decay time of the fluorescent paint was sufficiently

cult requirements for an imaging system. Pulse intensity long to allow recording of many framesof differentexposures
and spatial profile variations from shot to shot require a large on the videotape for each pulse. The decay time (to le) is
dynamic range and high resolution in an imaging detector. -56 me. The frame rate is 18.6 ma. Typical data ar shown
We have developed an inexpensive fluorescent imaging sys- in Fig. 2. The videotape could then be replayed by advanc-
tern which uses the concept of an ordinary video camera and ing the tape a single frame at a time, and the best exposure
video cassette recorder to record the decay of fluorescence could be selected.
with time. The successive images on the VCR decrese in The spatial resolution of the system was found to be better
intensity as the fluorescence decays, allowing the operator to than 25 um, as demonstrated in Fig. 3, which shows a Polar-
choose the optimum exposure. This provides over 1000 oid photograph of a video frame taken with 25-, 80-, and 125-
dynamic range with a spatial resolution measured to be om wires placed in the laser beam next to the fluorescent
better than 25 Mm. This performance is comparable to com- film.
mercially available CCD arrays. The dynamic range for the camera and fluorescent paint

The use of fluorescent material to convert UV to visible for combination, ie., for a single frame, was limited by the video
UV imaging is common practice with the visible image typi- camera and estimated to be of the order of 10. However, the
cally recorded with a CCD array.' -6 The technique we devel- simultaneous multiple exposures obtained in successive scan
oped offers a permanent record of images in real time which frames with the VCR were >100. Together with the single-
is of considerable usefulness in medical and other applics- frame range of 10, this provides an effective dynamic range of
tions of UV pulsed lasers. The UV image was converted toa
visible image by impinging on a semitransparent fluorescent
screen. A video camera focused to the back of the fluores-
cent screen provided real-time images. However. variability
in power from shot to shot and the relatively low dynamic
range of a video camera made proper exposure very difficult. .0oo
Therefore, a VCR was used to record the beam image of each (
pulse via a series of scan frames. The decay of visible emis- (b)

sion from the fluorescent material provided a graduated set (b)

of exposure for successive scan frames on the videotape.
These frames could be played beck immediately and stopped 40"

on the frame with the proper exposure so that the beam A
profile characteristics could be assessed in near real time. 2_
Polaroid photographs of the videotape displays were made
when hard copies were needed. 0 3 DO 0

The laser source used in our experiments was a 320-nm MVELEWT m ,A-OMtRs
beam from a doubled dye Laser with an -1,-cm diameter and rig. 1. (a) -mion sectra for DAYGLO signal green pigment.6
energy of -10-20 mJ in a pulse of 300-no length. A glass (b Erosion pectra for DAYGLO blas orange pigmenL (c)Spec-
plate was spin-coated with a thin layer of fluorescent paint d rlpoes chorecter/i for RCA TC 1000 video remera.1

LF. 2. Rmpelssftativ scanr s m from single pubs showin muitiple expremr setting that con be obtained with this technique.

2472 APPLD OPTIC8 I Vol. 26. No. 15 / I Aupuo 1960
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system at - 1.6 x L0 , and the image area can easily be as large
as 8 X 10 cm.

The 25-srm resolution and 1000 effective dynamic range
compare favorably to the best CCD arrays. But the imaging
are, may be much bigger than that of CCDs. For example,
the Ford Aerospace and Communications Corp. 1024 X 1024
visible imager has a resolution of 17 um and dynamic range of
60 dBV (i.e., 103), but this CCD array has only -2 x 2-cm
imaging area.

The work was funded in part by AFOSR.
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comparison with a power meter for incident pulse intensities cations," Appl. Opt. 1. 2085 (1979.

from -3 to-16 kW/cm 2. The maximum power is limited by 6. Day-Glo Technical Bulletin 2002. DAYGLO is a regiatered

damage to the fluorescent paint, which we observed at I tredemark of Day-Glo Color Corp.
MW/cm 2. The total number of bite is determined by the TV 7. RCA TCI000 literature.
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IV. INVESTIGATION OF LIQUID CORE UV FIBERS

Katherine X. Liu and Elsa Garmire

Organic liquids have been preliminarily investigated for
possible use as a core material of UV-transmitting liquid fibers
for nonlinear interactions. We have found that some liquids are
usable for wavelengths of 249 nm and above from excimer lasers.
but none of them is suitable for 193 no.

Organic liquids for possible candidates of UV liquid core
fibers have been examined with the help of chemists at USC. Table
1 lists a large number of liquids whose refractive indices are
larger than quartz at wavelength of 589.3nm (1.4584) (1]. We
chose a few liquids identified as the most likely for high UV
transmission, such as cyclohexanol. dimethylsulfoxide (DNSO).
1,2.3-propanetriol (Glycol). decahydronaphthalene (Decalin), and
measured their UV transmission curves. Figure 1 shows the result
of the measurements. Cyclohexanol was predicted to be the most
transparent in the UV accorling to the chemists' recommendations
using their knowledge of structure theory. The relatively large
UV loss may be because the sample was not purified sufficiently.
It appears that none of these liquids will be transparent at 193
no. Cyclohexanol and Glycol have 30% loss/cm at 249 nm (KrF).
DMSO has 20% loss/cm at 308 no 1XeCI), and Decalin is usable at
350 nm (XeF)

Of those whose refractive indices are smaller than quartz,
acetonitrile was considered a good candidate. The UV transmission
measurement shows that the cutoff is almost 193 nm. In addition.
water has good UV transmission. These are all shown in Fig. 1.
However, the problem is that their refractive indices are lower
than quartz, and in order to have fibers we would have to look for
some other kind of material with lower refractive index to use as
the cladding to make a waveguide.

At this stage, organic liquids are not considered as a
suitable way to make UV liquid core fibers to observe stimulated
four-photon mixing (SFPN) for obtaining shorter wavelengths.
However, because of their high nonlinear susceptibility. it might
be possible to use either cyclohexanol or glycol as fiber cores at
249 nm to achieve stimulated Raman effect for 'obtaining frequency
tuning. In addition, straight capillaries of low index liquids
may have suitable transmission.

Reference

1. Index data for organic compounds from. CRC Handbook of
Chemistry and Physics. Florida: CRC Press Inc.. 1986. E-370.
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4-n-IVropyl-5-ethyIdioxane 1.435 N0Oyrplnrhln .6
I .2-Dichloro-2-medtylpropane 1.435 N-fl-OxlyIr)ylcyclrpolxic 1.462
I .2-Prop yleneglycol sulfite1.3 -#Eiy-lclylotxioc146
N-tMethylmorpholine 1.436 2-L2diylcyclolicxan- I-ol 1.463
1 -Chloro-2-methyl-2-propanol 1.436 Fluorobenzene 1.463
Epichlorohydrin 1.436 d-a-Pinene 1.464
Tricthylciteglycol-mono-buiyl ether 1.4371.6
4.Etliy[-7.7'7 -arimethiyl- 1-heptanol 1.438 I -.- Pinene 1.465
I-Methyl-3-ethylocian-I-ol 1.438 Cyclohexanol1.6
I -Ethyl-3-ethylhexan-1 -ol 1.438 m-Fluorooluene 1.465
Diethyl maleate 1.438 p-Fluoroiolucne 1.467
I -Butanethiol 1.440 trans-LDecahiydronaphthalcnc 1 .468
2-Chloroethanal 1.440 -Fluorotoluene 1 .468
Dibutyl sebacate 1 .440 3-Alloxy-2-oxypropylamine-I 1.469
1 -Ethyl-3-ethyloctan-l -ol 1.441 Ethanol-lI-methylisopropanot amine 1.470

Din~ymlae141 d-Limonene 1.471

3-Methylpentane-2.4-diol 1.441 1.2,3-Trichloroisobutant 1.473
Ethyl sulfide 1.442 Decahydronaphthalene 1.474

Mstloie1.442 1,2,3-Propanctriol 1.474
Buetyl oxidrae 1.442 Trichloroethylene 1.475

I .2-DiclIoroethane 1.444 N-f-Oxyethylmorpholine 1.476
Chloroform 1 .444 DimethylsuIf oxide 1 .476
trans-I .2-Dichloroethylene 1.444 cis- Decahydronaphthalene 1.479
Diethyleneglycol .1.445 N-13-Chlorallylmorpholine 1.481
cis-l .2-Dichloroethylene 1.445 ni-Dodccyl-4-tcrtiarybutylplhcayI ethcr 1.482
3-(a-Butyloctyl)-oxypropyl- I-amine 1.446 n-Ilodccylphenyl ether 1.482
2-Methylmorpholine 1.446 n-Dodecyl-4-methylphenyl ether 1.483
Dipropyleneglycol-monoethyl ether 1.446 2-Ethylidene cyclohexanone 1.486
Formamide 1.446 n-3utylbenzene 1.487
3-Lauryloxypropyl-1 -amine 1.447 p-Cymene1.8
Cyclohexanone 1.448 iso- PropylIbenzene 1.489
I-Aminopropan-I-ol 1.448 Furfuralcohol1.8
Diet h yeneglycol-mono-(3-oxypropyl ether 1.448 tert-Butylcumene 1.490
1 -Amino-2-mcthylpcntan- I-ol 1.449 n-Propylbenzene 1.490
Tctrahydrofurfural alcohol 1.450 sec- But yl benzene 1 .490
2-I'ropylcyclohexa- I-one 1.452 tert- But yl benzene 1.490
2-Am inoethanol 1.45 2 Dibutylphthalate 1.490
2-But ylcyclohexan-I -one 1.453 tert-Butyliolucne 1.491
Et hylenediamine 1.454 I-Penyl- 1-oxyphcrnylthane I1.491
2-(O-MethyI)-propylcyclohexan- I-3ne 1.454 n-Hexylcumene 1.492

4-Mci hylcyclohexanol 1.454 n-cytlee1.492
3-Methylcycloltexanol 1.455 n-Octylcumene 1.492
bis-2-Chloroethyl ether 1.455 p-Xylene1.9
Cyclohexylamine 1.456 1.3 I-Diethylb!nzene 1.493
I .8-Cineol 1.456 Ethylbenzene 1.493
2,2*-Dmethyl-2,2'-dipropyldieththanoI amine 1.456 I ,3-Dimorphoolylpropan-2-oI 1.493
l1.'2.2-Teramethyidiethanol amine 1.459 1. 1 2.2-Ttrachlorotthale 1.493
I-Aminopropan-3-ol 1.459 Toluene 1.494
Carbon tetrachloride 1.459 Benzylethyl ether 1.494
3-Miethyl-S-ethylhcpian-2.4-diol 1.459 m-Xylene 1.495
2.(O.Ethyl)-butylcyclohexan- I -one 1.461 I ,4-Diethiylbcnzcne 1.496
2-Methylcyclohexanol 1.461 2.3-Dichlorodioxane 1.496
N-(n- But yl)-diethanol amine 1.461 Mesitylene 1.497

4.-hoo13dooac21.461 2-lodopropane 1.497
2-lttykcyclohcxjni.I 1 .462 Benzene1.9
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V. INVESTIGATIONS TOWARD SHORT WAVELENGTH
ANTI-STOKES GENERATION BY STIMULATED FOUR-PHOTON MIXING

Katherine X. Liu and Elsa Garmire

Abstract
The possibility of stimulated four-photon mixing (SFPM) with

pump wavelength of (JV in fused silica optical fibers has been
investigated theoretically. Phase matching by utilizing fiber
modes and fiber birefringence are both obtainable. However,
efficient four-photon interactions will be limited by the
availability of single-mode and low-number--mode UV fibers.
Furthermore, the short coherence length of excimer lasers may be
a problem for obtaining enough gain to observe large anti-Sto -es
shifts. The alternative technology of a Raman resonator appears
to be a favorable technique for generating short wavelengths.

I. Introduction
Four photon miwing is a nonlinear effect associated with the

term X'''E' in the polarization expansion (and is also called
three wave miving). It is a process of parametric interactions
of four photons (or three waves) with two photons from the pump
wave, one photon from the Stokes wave and one photon from the
anti-Stokes wave. Under the assumption of no pump depletion arid
significant Stokes amplification, Maxwell's Equation for anti-

Stokes wave (neglecting the intensity dependent phase modulation)
becomes [I]

E (/ a - 2H o( c/\ 2 Re( K' " I] 2 ) E-(,ikk e i' z

a a a a p p s s

where Lk = k. * k- - 2k,, k is the wavevector and the subscripts
a, s and p denote anti-Stokes, Stokes and pump. The intensity in
anti-Stokes is therefore given by integration of Eq. (1) and has
the form

Ho 2 (2 c/X a 2 2 2 2 AL

I = o) a (ReEX''']) I I L sinc a ! (2)a G n p s

where n is the refractive index of the matertial and L is the
interaction length.

The central problem in parametric four-photon interactions
is the conservation of momentum (phase matching), requiring
6k(&) = k_ + k,. - 2k,, = 0, where &) is the frequency shift of

Stokes and the anti-Stokes from the pump. For generating anti-
Stokes wave in optical fibers, phase matching is achieved mainly
by using either waveguide modes or fiber birefringence to
compensate for the phase mismatch from the material dispersion

20



ak,. Since . 0 for fused silica in the UV range,
negative phase mismatch from other sources is needed. Another

important factor is the limitation introduced by a finite

bandwidth laser source and fiber imperfections. The spread of

the frequencies of the pump laser and fluctuations in I- caused by

the variations in fiber parameters lead to a finite coherence

length. The fiber length should be shorter than the coherence

length for maximum parametric anti-Stokes output.

II. Phase matching using fiber modes
In an ordinary circular optical fiber, 6k (i.e. effective

index) is determined by two factors, material dispersion and

waveguide dispersion. We have

Ak = k + a - P2
S a p1 p2

n efS T-1 effa a effpl p effD2 p

5 a p p

(3)

with = A /(I - A A,)) , A /(l + A a)s p a p p

and n f= n + ban ,
eff

where b = (ni.,-n,)/An s the normalized propagation constant ad

An is the index difference n. - n,, with n, = core inde-, n,, :

cladding index. Therefore,

n(A ) n(\ ) 2n(A

= 2n C a _ pak- + 2- [-F - A
s a p

b (A ) b (A ) b (A ) b (A Ps2~ s a a p1 p p2 p
+ #a [ X A - A -

sa p P

The first term is the material contribution Ak,,(')) and the

second term is the waveguide contribution ,&k._(A')). Phase

matching dk_(60) + Ak.(9) = 0 can be achieved by using various

combinations of the fiber modes for the Stokes, anti-Stokes and

pump.
The possibility of phase matching has already been described

in the visible (23. Fig. 1 shows a typical phase matching

diagram for a pump wavelength of 500 nm (3]. The curve

represents W,..) and the straight lines represent Ak-(A)) for

different combinations of modes. The intersections correspond to

the phase matching frequencies. It can be seen that different



combinations will result in different phase matched frequency
shifts.

Phase matching from some particular mode combinations for
pump wavelengths of 306 nm (XeCI), 249 nm (KrF) and 193 nm (ArF)
were calculated with the assumptions of 4n = 0.02, a = 2.5 pm
(fiber core radius) using the approximate solution of the

characteristic equation for the LP modes [4] and dispersion data
of fused silica C51. A few examples are shown in Table 1. Tt-e
table also shows the coherence length as described in section Iv.
The results show that phase matching by using lower fiber mode-

should be achievable. At frequency shifts matching the
vibrational energy levels (centered at 460cm ') of fuseid

silica, phase matching is possible. To have efficient anti-
Stokes output, we would 10,e to use low-mode-number fibers, hjt

they are not currently commercially available.

I I I

eO- AKPA

60

I" 0 s500 mmw

j4 0

0 So0 1000 1so0 2000

Table 1. Calculated results for phase match with fiber modes

pump wavelength mode combination phase matching coherence

A,,(Pm) P, P'. A S freq shift(cm 1) length(cm;

.308 02 01 11 01 170 106

.249 01 01 01 02 2415 50

.193 01 01 01 02 l4q5 13

.l3 01 01 01 11 9 30 2

.193(a=6.5Um) 11 01 01 02 450 62



III. Phase matching using birefringent fibers

Some fibers have birefringence, defined as Sn = n 

with y and x denoting the slow and fast axis respectively. Phase

mismatch ak,.( is induced by this fiber birefringence. To

achieve phase matching Ak.. (a,)) 4- Alk (&) = (, the pump

polarization Should be aligned with the slow axis and Stokes as

"ell as anti-Stokes polarization will be along the fast a>'is

ksince k. + k 2k,, from material dispersion). This gies

n n 2n
__ n y5n

s a p

Piber birefringence may be obtained from intrinsic built-in

birefringence L, bending-induced birefringence [7], stress-
induced birefr ingence l8] or temperature-induced birefr ingen--

[93 . They al I give a birefringence in the order r)f 5n = 10

Using the approwimation fr material phase mismatch &k.> =

2n^ ' :1 ')", )  ',  -e a.,e 2n, 1(cd n/d A ')( J) = (LT,A 6n for

phase matching , I)I e_ = (-J.
Table 2 shows some calculated results for the frequencies

_nIcn result in Dase match, based on the same fiber parameters

Ln = ,.u2 ard a = 2.5 pm) with different values of birefringence

and useful wavelengths. The calculation is made under the

assumption of single mode birefringent fibers so that material

dispersion and birefringence are the only contributions to L-.
if using muitimode finers, the waveguide dispersion has to be

considered, which leads to a much more complicated situation.

The easy and efficient wa to achieve stimulated four-photon

mi-in9 in birefrngent fibers will depend on the availability of

single mode u fibers, which are not commercially available at

this time. However, it is still worth using multimode

nirefringent fibers, especiall employing bending-induced

birefringence because of the convenience of varying the

birefringence. Experimentally, we may achieve phase matching by

tuning the birefringence through varying the bending radius [I0].

Table 2. Calculated results for phase match with fiber

birefringence

A,, (um) Sn (xlO ) (cm

.308 1.0 278

.308 5.0 622

.249 3.0 435

2 q.0 )754

.193 5.0 c-58

.193 9.0 609



IV. Coherence length

In stimulated four-photon parametric amplification, the gain

bandwidth is determined by the curve of anti-Stokes intensity
vs. frequency shift. If we use the peak power and the center

frequency of the pump beam in the calculation of the phase

matching condition and compute the anti-Stokes output intensity,

we obtain the result of Eq. (2). However, the effective gain is

reduced when the pump linewidth is larger than the parametric

gain bandwidth. This is because frequencies other than the

center frequency within the linewidth violate the previous phase

matching condition. The effective gain has its maximum value

only when the pump linewidth is much narrower than the gain

bandwidth. A rule of thumb for the practical relationship

between the gain bandwidth and the initial pump linewidth has

been described by P. H. Stolen and J. E. Bjorkholm, which leads

to a characteristic fiber length coherence length L (731. The

effective coherence length due to the finite linewidth of the

pump is

d C,,D(2 -(

c pm p

where 6vp is the initial pump linewidth, O(A) = A' (dr'n_,,ox ')

is the dispersion and d... is the phasematched frequency shift.

The material dispersion is the dominating mechanism. When the

fiber length is shorter than L . the pump linewidth is less than

the gain bandwidth. The gain bandwidth of anti-Stokes decreases

as the fiber length increases, which decreases the parametric

(anti-Stokes) amplification. However, the Stokes gain bandwidth

basically does not change with the fiber length and the Stokes

intensity is proportional to L-. Thus, long fibers favor the

Raman Stokes amplification. Eq. (6) is a criterion of choosing

the fiber length for achieving optimum anti-Stokes generation.

The calculated results of L, are shown in Table 1 under the

assumption of SA,. = 4A, the linewidth which the LUMONICS excimer

lasers can achieve at 193 nm (ArF). For large frequency shift,

L, is small. This means that converting to short wavelength LIV

will be difficult. The problem is whether the coherence length

is long enough that anti-Stokes would have enough gain to be

observed. To improve the situation, we need to narrow the pump

linewidth as much*as possible.

In the derivation of the coherence length L. , we take into

account both Ak,., from material dispersion, and also dispersion

from waveguide modes &k... Even if we have ideal phase matching,

&k = 4 k- * &k.- = 0 for some mode combinations in perfect fibers,

we will still have the phase mismatch &k off center frequency.

Without fluctuations and mode-mixing, transfer of power to anti-

Stokes will build up only for one coherence length. However,

fluctuations in k will occur due to the variations in fiber

radius and index difference, and cause mode mixing. This mixing

can cause the effective coherence length to be much larger than

what we calculated from Eq. (6). A factor of hundreds in visible



stimulated four-photon mixing has been achieved []11. Therefore,

it appears that anti-Stokes may be generated and experience gain

even for L >> L . Because of the unavailability of low mode UV

fibers we have been unable to pursue this approach.

V. Anti-Stokes wave generated from a Raman resonator

Pecause of the unavailability of low mode UV fibers, we

consider the alternative of a Raman resonator. In the process of

gener~ring the anti-Stokes wave, the phase matching term in Eq.

'I) is actually e , Since in optical fibers, K. I.. . F.

are all along z axis , we could replace &koz by &kz. In bulk
material, we may choose ka, ks & kp not necessarily in the same

direction as z and we should use e ^ If we can arrarge

k,, V.., r,, in such way that &F = 0, then the phase matching

condition will be satisfied. Fig. 2 shows a configuration for

the wave vector match in generating anti-Stoke wave. R, & R.. are

mirrzrs wnich form a Raman resonator for a stable establishment

of the Stokes wave.

An important point here is to generate the Stokes

oscillation in the Raman resonator. The threshold condition for

this is that the Raman gain is equal to the loss in the cavity.

Assume an optical beam I, starting at mirror P,. After a round

trip of travelling in the cavity, it becomes I.. Then

gLg -o2L
I = I e ge 7
2

where g is the gain, x is the loss, L is the length of the

resonator and L., is the length with Raman gain g.

Considering loss due to material absorption and mirror

transmission, we have

In(RI R2
- 12- 8)

m L

where cc, is the loss in the Raman medium, R, & R.- is the

reflectivity of mirror R, & Rr- respectively. Then

(gLg - a 2L + In R R2 )12=1I e g m 12

For anti-Stokes generation, we need to arrange the beams

(pump, Stokes and anti-Stokes) with angles which would satisfy k.
~ - 2~,= o.

The candidates for materials working at 193 nm are quartz,

water and acetonitrile. Here, we take quartz as an example to

estimate whether it is possible to build an oscillation in such a

resonator to generate the anti-Stokes wave.
For Raman scattering in quartz, the frequency shift & with

II i e l , • - .. . ii , • i, I ....
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max. gain is 460 cm At = l3 nm,

lkp1 = 5.077 x 10' cm 1

1k I = 5.132 x 10" cm

ka= 5.023 x 10" cm-

To achieve phase matching V, + k., - 2 ,, = 0, we need an angle

of ' 0.7950 between 'r,, & and 0.8130 between r,, and r..
The absorption coefficient oc, for UV grade fused silica is

0.05 cm -' L [12], and the Raman gain coefficient for fused silica
at 193 nm is ' 2.8 x 10 -' /1,. (cm/Mw) [13]. Choose R = R, = R.. -

0.95 and L = 10 cm for the resonator. Raman gain length L,, is

determined by the focal size of the pump beam and the angle

between the pump beam and the Stokes beam. Pump intensity is

determined by the laser output energy and focal spot size. If we

focus the beam to 1 mm diameter, we would have Ip - 100 Mw/cm'"

and Lg = 7 cm. Substituting the above numbers into Eq. (9), we

obtain

mL + ln(RIR2 1 - 0.05 0.15

and the threshold intensity

2
I t 54 Mw/cmth

The numbers show that the threshold is not very high. The other

two candidates, water and acetonitrile, should have a stronger
Raman effect, but they also have higher absorption at 193 nm. On

the other hand, if we focus the beam more, water and acetonitrile

will be less likely to damage than quartz. Thus, at this point,
we don't know which material will be more promising and plan to

try both quartz and liquids.

ia
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9 UNIVERSITY OF SOUTHERN CALIFORNIA

CENTER FOR LASER STUDIES
Denney Research Building Elsa Garmire, Director

Los Angeles, CA 90089-1112 Susan D. Allen Associate Director

(213) 743-6418

July 25. 1987

Dr. Howard Schlossberg

AFOSR
Bollinq AFB
Washington DC

Dear Howie:

Enclosed is our final report on the two-year program which you

funded. This work led to one MS thesis, three publications and
three public presentations. We believe that this represents
excellent results for the small level of funding. You will find
the technical results on color center formation in UV fibers

particularly interesting.

We are now hoping that we can obtain some funding from your

nonlinear optics program. This is urgent because several of our
small and short programs, including yours, have recently ended and
it is imperative that the students can receive additional support.

There are several possible projects which we want to carry out.
These are briefly outlined here, in order of our interest. Please
let us know which interest AFOSR. We need the program to begin in
this fiscal year, since otherwise at least one student will have
to be laid off.

1. NONLINEAR OPTICAL PROPERTIES OF WIDE BAND SEMICONDUCTORS

We propose to study the nonlinear optical properties (both

saturable absorption and nonlinear refractive index) at the
bandgap of ZnSe/ZnSSe multiple quantum wells and sinqle-crystal
GaN as well as polycrystalline In203. CdSn04 and CdIn2O4. The

study will follow the general outline of our previous work in GaAs
and GaAs/GaAIAs multiple quantum wells which have shown extremely

large nonlinearities. This means that measuremsnts will be made
of both saturable absorption and the nonlinear index through the
use of nonlinear etalons. However. we will now be looking, for
the first time, at wide direct bandgap materials.

This idea has developed out of our current UV research on the
program which you funded and our ability to use stimulated Raman
effect to "tune- the wavelength of the excimer laser. Single
crystal materials will be provided by scientists at NTT (an

- I l H i H i I l H a i i-1



outgrowth of my trip to Japan last summer). They have provided us

with samples of both GaN and Zn5e, in thin film and in waveguide
configurations. and have promised whatever we need. 5amples of

sputtered indium tin oxide and related compounds are being

provided by Kate Zachrewska, a visitor from Poland who studied
CdIn2O4 for her PhD thesis.

In a preliminary experiment on single crymtal ZnSe waveguides

we observed absorption-induced optical bistability. While this is
not as interesting as electronic nonlinearities. it demonstrates
our ability to obtain these materials and to perform experiments
with them. Galley proofs of this work are enclosed.

We request that AFOSR fund a research project to understand

the electronic nonlinearities at the bandgap of such ZnSe samples,
both as bulk and as strained-layer superlattices. The scientists

at NTT have promised to provide us with a continuing source of
material, including multiple quantum wells, but we require fundinq

to perform the experiments. The flash-lamp-pumped dye laser which

you provided to the Center through Rothschild as PI will be an

ideal tunable source for these studies. Both etalons and
waveguides will be studied.

The scientific interest in ZnSe is the large energy separation

of the exciton from the bandedge (much larger than in GaAs) and

the expectation that the nonlinearities should be especially
large. Comparison of bulk ZnSe and multiple quantum wells should
yield similar information to that which has recently been obtained

in GaAs MQW's. NTT can also provide us with mixed crystals of
Zn55e0 allowing us to tune the bandgap over some range.

A related study in ZnSe will be the measurement of

electro-absorption. This effect, observed in III-V's, has led to

enhanced modulation near the bandgap and we expect similar results
in the II-VI's.

A second major study will be the measurement of optical

nonlinearities in UV and near-UV direct-gap materials. The first
investigations will be on single crystal GaN. Researchers at NTT
have provided this material. We have tried preliminary

experiments and found that our excimer laser does not match the

bandgap. However, stimulated Raman scatter. ng, as studied in our
past grant from you, will provide a tunable source at exactly the

required wavelengths. This will be the first measurement of
optical nonlinearities in UV semiconductors.

The same experimental apparatus will be used to study the

sputtered thin films of transparent conductors, such as ITO. as
well as indium oxide, cadmium tin oxide, and cadmium indium oxide.

Nonlinear effects have never been investigated in this important
class of transparent contacts.
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This wide bandgap study is our first proposal. The program

outlined here can be completed by two graduate students, with some
fraction of my time and some assistance from Kachrewska; it should
cost on the order of $150.000 a year for three years. We already
have the lasers and only some diagnostic equipment is required to
support the efforts. The results would give the first information
on the nonlinear properties of wide bandgap semiconductors.

2. TWO-WAVE AND FOUR-WAVE MIXING IN SEMICONDUCTORS

We propose a basic study of photorefractive effects in GaAs.
InP and ZnSe in order to achieve the largest possible two-wave and
four-wave mixing. This is an outgrowth of a pro3ect we recently
completed in two-wave mixing and which is included in preprint
form. We showed in this paper that it is possible to use the
polarization properties of the zincblende structure to remove the
unwanted background.

In order for the photorefractive effect in semiconductors to
become important as a nonlinear mechanism, it is necessary to
achieve two-wave qamn larger than the inherent loss in the medium.
The result of a recent analysis is that this can be accomplished
by applying a moving grating to undoped, semi-insulating samples.
Operating near the bandgap will further enhance the
photorefractive effect. We propose to study and compare GaAs.
InP. semi-insulating GaInAsP grown in our laboratory, and Zn5e
provided by NTT.

The importance of this research is the fact that
photorefractivity is an energy-dependent effect which can be
ultra-fast, if excited by pulses, or ultra-slow if excited by weak
cw light. The effect can be switched on or off dependinq on the
optical configuration. Thus it makes a really controllable
nonlinearity. The ability to use semiconductors will have
tremendous implications for practical devices. The range of
materials which are available to us and our new method of making

measurements makes our research unique.

The level of effort will be one student plus a small fraction

of another to provide materials plus some of my time. A level of
about 075,000 per year should be sufficient,' plus enough capital
equipment money to buy a diode-pumped YAG laser.

3. NONLINEAR EFFECTS IN GaAlAsP materials

We propose to grow our own thin films of GaInAsP by liquid

phase epitaxy and to measure the nonlinear properties of these
films over a wavelength range from 1.06 to 1.55 um.

3



We have already demonstrated an ability to grow high quality
GaInAsP with a bandgap variable anywhere from 1.3 um to 1.06 um.
This is the same apparatus we previously used to grow
semi-conductor lasers. I visited a laboratory in the Soviet Union
which has demonstrated high quality multiple quantum wells from
similar apparatus. We propose to grow such films in this program.
We have already recently demonstrated the ability to grow films
with a bandgap at 1.06 um and we have made prelimary measurements
of nonlinear optical properties in Schottky barriers, which will
be reported at 05A.

The use of GaInAsP has two main advantages. First, the
substrate is transparent so that nonlinear effects can be measured

directly without removing the substrate, as required for GaAs.
Secondly, the ease of growth means that multiple quantum wells and
waveguide configurations can both be grown and compared to bulk
films. The liquid phase epitaxial technique allows considerable
flexibility for making samples which can be measured easily.

We have available 1.06 and 1.33 um Nd:YAG lasers. A color
center laser will provide the source at 1.55 um. We will use the

same experimental techniques we have used in measurements of GaAs.

The required level of effort is two students - one for the

sample preparation and the other for the measurements. This
should be at the rate of approximately 6120.000 per year.

I certainly hope that one of these programs will be of
interest to the Air Force. May we look forward to your
suggestions? We can prepare a formal proposal in a matter of
days, as each program is already completely thought out.

Beat Regards,

Elsa Garmire
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Optical nonlinear switching and bistability due to increasing absorption have been observed in

single-crystal ZnSe waveguides with contrast ratios of 16/I and switching times of I0 ps at 15

mW of argon laser light. Switching energy is improved over the bulk by a factor of 200.

Studies of optical switching were made using the 0.488-
Uhe dream of.; low-threshold all-optical switching has irn line of the Ar ' laser focused by a 40 X microscope objec-

led to the recent exploration of a variety of guided-wave non- gue into the waeguide layer. The light polarization and

linear deices, from nonlinear guided waves' and prism cou- guide We has to ieet mod t
plers through directional couplers3 to Fabry-Perot resona- -lab waveguide. We have used two different methods to
tors within guided waves. At the same time several modulate the input to the waveguide. First, we used the first-
reseaohers h e g epid ed aestthe sae timcreasal order diffracted beam from an acousto-optic modulator to
researchers have reported bistability due to increasing ab-
sorption in a variety of materials such as amorphous GeSe.' control the peak power of the incident beam, and a chopper
- nSe." CdS.' GaAs/GaAIAs multiple-quantum wells,' and %vas used to create a time evolution of the input to the wae-

lnSb "We report here for the first time optical bistability and guide. Second. we directly used the modulated first-order

nonlinear optical switching due to increasing absorption in a diffracted beam from an acousto-optic modulator The duty

ZnSe single-crystal waveguide. This waveguide configura- c cle of the input in both cases was around I Ie% to ensure that

lion decreases the energy threshold by more than a factor of there was no overall heaing of the sample. We did not see

200 over bulk results.6 and we predict optimized threshold any major differences in the output charactcristics obtained
from the two different modulation methods. Duty cycles of

switching power of less than a milliwatt The advantage of fo th tw difnt modlatio ethods Durcles oF
absorption-induced bistability is that it does not require a transmitted beam from the waveguide was imaged onto a
Fabry-Perot resonator or phase-matching element: this tnittd bea fo t wicrouide waecim.ge ono
means that single-mode guides and careful control of the peottrotector using a 20' microscope objective. The nci-

iptwavelengths are not required, unlike most other non-detadrnmtedpwswreoioedungcne-
input wotional Si photodiodes. A typical time trace of the incident
linear guided switches. The switching times of 10 ps that and transmitted beam intensity is shovvn in Fig. 1. The

%4ere obtained are short enough to be useful for some appli- threshold switching power into the waveguide, after correct-

cartons, and predictions are that submicrosecond operation ing for reflection and coupling losses, %%as 15 m\V This is
i, possible. considerably smaller than preiously measured threshold

The waveguides were single-crystal ZnSe films grosvn ponser in bulk polcrstalline ZnSe. As ueth all absorp-

bv metalorganic vapor phase epitaxy (MOVPE) on GaAs pon-in bk plycrstaline nesith al thp

substrates. The structures produced were either 8-pm-thick
multimode waveguides grown on 2-pum ZnSo, Sel,92 clad-
ding layers, or 2-,um-thick antiwaveguides grown directly on
the GaAs substrate. The refractive index of the ZnSe wave-
cuide laver is 2 72 and that of the cladding is 2 70 at A = 0 5
lim The cladding provides a guiding dielectric discontinuity
to confine the beam in the guiding layer. Planar vwaveguide

,amples of length 530 and 830pam were used to in,,estigate
histability and nonlinear switching and were compared to an
antiwaveguide sample of length 560,pm The samples were
mounted on a thin aluminum stud which was thermally iso-
lated from the holder.



2

transmission to switch from the high state to the low state.
Our measured on-switching times were around I 1tps. At the Since the cover of waveguide is air, we can neglect heat
end of the pulse the device switches back to the high trans- transferto theair. This means that the local temperature nse
mission state in the thermal lifetime, measured here to be 20 in the waveguide is almost twice as high as that of bulk at the
ps. This is 20 times faster than previously measured switch- same optical power density. Thus, the threshold switching
ing times in the bulk of polycrystalline ZnSe. ' A typical ab- power in this waveguide will be twice as low as that of bulk
sorption-induced bistability transfer curve obtained from even without considering diffraction effects. Although the
the ZnSe waveguide is shown in Fig. 2. threshold is apparently not length dependent, the waveguide

According to our data the threshold switching power geometry allows considerable improvement in contrast ratio
did not depend on the sample length. as expected for absorp- at low input power levels by allowing use of relatively long
tion-induced bistability in the steady-state regime. What sample lengths without diffraction.
does depend on length is the contrast ratio. We observed on- The other important advantage of the use of waveguides
offcontrast ratios as large as 16/I in the sampleoflength 830 is that by conf.ning the light to a small spot, dramatic im-
pm, while contrast ratios as large as 6/I were observed in the provements in response time are possible. Use of strip-load-
sample with length 530pm. These contrasts were measured ed channel waveguides will allow further improvements in
roughly lOOps after switching, long enough time to achieve response time. A lower limit to the switch-off time can be
temperature uniformity in the direction of propagation. It is calculated from the thermal conduction time assuming a 8
thus possible to assume that the absorption coefficient of the pm x 8 ,um channel. to
ZnSc waveguide before switching is a, and after switching is r cp
a,, the contrast ratio is given by T =0.4,us (3)4K -04s

exp( -a1L) =exp[(a 2 -a)L ]. (1) where p= 5.27 g/cm, C, =0.35 J/g'C, K=0.18 W/
exp( - aL) cm 'C, and r = 4 pm. Of course transient nonuniformities in

For the sample with the length of 530pum, a contrast ratio of temperature over the length of the waveguide may affect the
6/1 was measured. From this we can calculate contrast ratio. Further work is under way to investigate this,

a, - a, = 33.8 cm -' (2) Comparable nonlinear switches can be expected at 0.83
and 1.3 um wavelengths when suitable GaAIAs or GalnAsPand predict the contrast ratio of a sample of length 830/pm as materials are chosen and etalon effects4 are eliminated. We

16.5. This value agrees very well with the observed value be l at these d ay play a elrlin te

16/.believe that these devices may play a useful role in future
To/I d nintegrated and fiber optical systems, even though the ther-
To determine the attenuation constant of the propagat- mal effects are on the order of a microsecond. The ability to

ing modes in the ZnSe waveguide, we compared the input- use cavityless multimode or single-mode waveguide geome-
output ratio of the guided-mode power for the two lengths tries, along with thresholds on the order of I mW and no

under low input power. We determined the low-power ab- riem on careul w nth tunin of lar n
sorption coefficient of our waveguide sample to be 7.5 cm -. requirement on careful wavelength tuning of laser, input

sorpioncoeficentof ur avegidesamle o b 7.cm ~. coupler, or integrated optics interferometer. means that
This data is consistent with the published data for bulk poly- these nonlinear devices can be compatible with inexpensive

cr)stalline material." We measured the transmittance of the semiconductor lasers.

fcusing microscope objective lens used in the experiment as This work was supported in part by the Office of Naval

84%/r and calculated the reflectance at the interface between

air and the ZnSe surface as 21 %. We calculated the coupling Research and in part by the National Science Foundation.
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guide as 79%. Assuming these values we calculate a thresh- (t984)

old switching power of as little as 15 mW into the guide. 2G Asanto. B Svenson. D Kuchibhatla. U I Gibson. C T Seaion. and
We observed similar optical switching and bistability ,G I $tegern, Op

t
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ing from high transmission state to low transmission state Leii 22. 366 (1986i.
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We report observation of a rotation in the polarization of the two photorefractive recording
beams in GaAs for a configuration with the internally generated space-charge field along tie
(110) crystallographic orientation. I his rotation is a result of simultaneous constructive and
destructive beam coupling in each beam for the optical electric field components along tile two
electro-optically induced principal dielectric axes of the crystal, By turning one of the beams
on and off. the intensity of the other beam after the crystal and a polarization analyzer can be
modulated by as much as 500%. 1 his result is of particular importance for optical information
processing applications.

In the past few years, the photorefractive effect has been tion. Figure 2 shows the resulting principal dielectric axes in

demonstrated in various semi-insulating semiconductors the material through the r41 electro-optic tensor element for

such as undoped GaAs,' GaAs:Cr. lnP:Fe,2 and CdTe.' Re- such a space-charge field. I he electric field vector of the

cently. GaAs has been shown to possess picosecond response incident beams can be decomposed into equal components

times in the near infrared resulting from its large carrier along these two axes. The refractive index change in tlie ma-

mobilities.4 Although these semiconductors are very sensi- terial for the two components, E, and E, is gien by
t.e. their electro-optic coefficients are relatively small. An, 4- 1/2 no r4 E,, where n, is tile background re-

Therefore, large two-beam coupling coefficients and hence fractive index of the material, r4 istheeffecti',eelectro-optic

sizeable energytransfers between the two beams have not coefficient, and E,c is the internally generated space-charge

been feasible in these materials. In a 5-mm-thick GaAs crys- field. These two components experience tso different grat-

tal. 10-20%, change in beam intensity is typically possible by ings with equal modulation depth and 180' spatial phase dif-

photorefractive energy transfer.' Larger intensity modula- ference. In the absence of an externally applied electric field.

tions (up to 50%) have been observed by application of an these photorefractive index gratings are 90out of phase % ith

external electric field to the sample.' By utilizing the polar- the interference pattern. Since the relatise position of the

izatioi properties of photorefractive recording in index grating with respect to thre interference pattern deter-

Bi. 2 SiO', (BSO). Herriau et al.' have demonstrated an in- mines the direction of beam coupling, the two polarization

crease in the contrast of images created by photorefractive components couple optical energy in opposite directionls.

two-wave mixing. In this letter we describe the polarization Signal bear amplification in two-beam coupling is common-

properties of beam coupling in 43m crystals such as GaAs. It ly defined as the ratio I, (with reference beam present )/Is

is found that under certain conditions the photorefractive (without reference beam present). For tie two polariza-

effect may result in a rotation of the polarization of the two tions, this ratio, the effective gain, is given by4

recording beams. This makes it possible to use an analyzer to (1+ /)exp( F d) I
suppress the large unwanted dc portion of the signal beam. )"t = +3pId)
Consequently, for the first time, large modulation

>500%) of beam intensities can be obtained in photore- wherefl = 1, / I is the ratio of the intensities of the corn-

fractive semiconductors, tug beams and d is the thickness of the crwstal. ' lie coUpluiig

Figure I illustrates the essential features of the experi- coclicicnt for the t%o polarilzatio1s can be vs itten as"

mental condition. A signal beam of intensity I,. and a refer- F ± r., 6, where 6 depends on various fundamental

ence beam of intensity I,, polarized along the (M0II) crystal material properties and experimental conditic s such as the

orientation intersect in the cr stal with all inter ference %cc- angle between tile tw beams. In traveling through tile cr s-

tor K, along the ( 110) crystallographic axis "lie internally tal. one of the conponeits of the electric iield ector ol the

generated space-charge electric field is also along this direc-
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amphfication) while tile other component sutlers loss. Fig- beam ratios il the K,; 11(110) cotifigurattn In this figure,
ure 2 shows the two electric field componelnts of the signal 7ero degree correspmiids to an analyzer position along the
beam into and out of the crystal. Due to the itcietc of one of (110) crystal axis and is therefore a point of minimum trans-
the components, and the decrease in the other, the electric mission. Without the analyzer no energy transfer from one
field vectors of the two writing beams are slightly rotated. beam to another was detected. In both cases the theoretical
The rotation of the polarization for the two beams is in oppo- fit to the experimental data is very good.
site directions. Figure 4 shows an oscilloscope trace of the output of the

The inset in Fig. 3 shows the intensity of the signal beam signal beam detector. IThe lower trace is obtained by block-
transmitted through the crystal and an anal.zer as a func- ing both of the beams before the crystal and represents the
tion of the analyzer angle near the transmission minimum background level. 'lhe upper trace shows the result of un-
point with and without the reference beam, where 0 is the blocking the signal and then both of the beams. In the pres-
angle of rotation due to the presence of the reference beam. ence of the reference beam, the transmitted intensity Ir rises
The transmitted intensity 1, can be written as with a characteristic built-up time of the photorefractive ef-

Ir = I, exp( - ad)sin2(O + ) , (2) fect to a maximum value. Upon blocking the reference beam,this intensity drops to its original value. The experimental
where 0 is as described in Fig. 2 and a is the absorption modulation of 500% was limited by the finite extinction ra-
coefficient of the crystal. The angle 6 is defined as zero with- tio of the analyzer.
out the reference beam present, and in the presence of the Suppression of the dc background in the system de-
reference beam, 0 is equal to ;6, the angle of photorefractive scribed above olers promise for image processing and other
rotation described above. information processing applications requiring large contrast

The two electric field components of the signal beam ratios. The higher contrast ratio is, however, achieved at the
after the sample are E. (with I,,) = E, (without price of a drop in overall transmission. Taking absorption of
x,), and E, (with IR. ) =, E, (without 1R,, From the crystal into account. the,otistate transmitted intensity

Fig. 2 it can be seen that the rotation angle shown in Fig. 4 was 0.45% of I,.. " 0V"
45"- tan- The analysis described above is valid for all photorefrac-

= ,5 tan . •(3) tire materials with electro-optic tensor matrices similar to
The arrows in the inset in Fig. 3 show the change in transmit- GaAs (43n crystallographic symmetry). Materials with 23
ted intensity Ir with and without the reference beam for two crystal symmetry such as BSO have similar matrix elements.
arbitrary analyzer angles. We define the modulation of the Incoherent to coherent conversion of images via four-wae
transmitted bearm, =- All /1, (wien the reference beam is mixing in lISt) has bee dciittistrated hy Shi ef at.' Con-
not present). Using Eq. (2) this ratio is given by parable results using tie polarization rotation properties in

m = (sin 2(0 + ') - sin 2(0) I/sin2 (0) . (4) two-ave mixing can be achieved in GaAs. Two wave mix-

Note that this relation is indelcndent of the absor ptin coef- ing proiides a more flexible and simpler methind of imple-

ficient of the material. rieiing (is desice thnii lour-wase mixing Iturtherniore.

The material used in this experiment %as a 5.3-rm- sie both posaitise and negative inteiisit modulations are

thick .semi-insulating liquid encapsulated Czochralski possible by rotation of the analyzer, positive and negatie
(LEC) grown. undoped GaAs sample. ile photoconduc- images are aatlable with this device. The rotation of thetive trapsitesin undoped GaAs are believed potocchiom- polarization can he further enhanced by increasing the cou-

etrv-related EL2 centers."' In this experiment no external pling coefficient, such as by application of an external field

field was applied to the crystal. The output beam from a 1.7- or using moring grating techniques.mW 1le~ lasr oeraing t 115 p wa spit ito wo he work dlescrihed in this letter was carried out jointlymW HeNe laser operating at 1. 15 jin was split into two at the University of So uthern California and the Jet Propul'-
beams such that the bisector of the angle between them (86 sion Laboratory. California anditute of Technology. phe
outside the crystal) was perpendicular to the crystal surface siok Laboratory.PraliforniaLabotitute ofdeechnology.t
as shown in Fig. 1. The resulting grating period of 0.84/pm is wot the t routi aorar tinde raeet
near the optimum value for beam coupling in this sample. w the Natioial Aeronatics ard Space Administration,

The total incident intensity on the crystal was 30 mW/cm2 . was supported by Caltech President's Fund and the Defense

The value of the coupling coefficient, r , ,was measured Advanced Research Pro ects Agency. The work at the Cen-

experimentally to be equal to 0.2 cm for the K, a (0e0) ter for Laser Studies was partially supported by the National

case in the same crystal without an analyzer, under other- Science Foundation aid tie Army Research Office.

wise equal experimental conditions. This orientation which
is normally used in beam coupling experiments utilizes only
one principal dielectric axis and therefore produces a mea- '"1 ii Klem. ()pl I ell 9. 10t ( IQ941

surable value for IF . Applying this value to Eqs. ( I ) and 'A N1i Gla.,,. A M I,,hn.,i. I 11 1111%on. W Simpson. and A A til.t-
(3), tie rotation angle for the K, I( 10> rorientation was ,,,,,,. appl Ih,, tcti 44. 94914 19 4

'. Strait and A M G,,,. I Opt Soc Am 8 3. 142 19196)calculated for two beam ratios. For/3 = 1, thie rotation angle G C Vllr,. A I. Sm,l, M II Klein, K iohneri, and I . loges%.
V I = 1 .5 , w h ile f o r 3 = ) (0 6 , t h e a i g le in c i e a s e s t o .( ,) 1 i . A,7 1 (

V, - 3.03. I'lots of Eq. (4) using thicse values of t aie showin c I (he:Ig :, k A Pu t,,,.. A,''i [.Li 49. i456 (i I

in Fig. 3. Figure 3 also shows the experimental data ofin as a "G At',an,'e. I Kunm.%. and W tI Sitter. p pi L.eft II. 6501 ( 1996).
function of the analyzer angle (defined in Fig. 2) for the two 'I tlerrati. 1 11 ttufignard. A. G. Apostolidis and S. Nialick. Opt.

Commrnum. 56, 141 (IQAS)




